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kHz QPO pairs expose the neutron star of Circinus X-1
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We discovered kHz QPOs in 80 archived RXTE observations from the peculiar low mass
X-ray binary Circinus X-1. In 11 cases, those appear in pairs and have frequencies of the
order of several hundred Hz that vary in frequency over a factor 2. This and the fact
that they follow the relation followed by observations from other neutron stars as well
as that they appear simultaneously confirm that the central object is a neutron star.
These relations are extended to lower frequencies as also is the one of the frequency
difference against the frequency of the upper kHz QPO. The monotonic increase of the
latter challenges theoretical models of kHz QPOs.
1. Introduction
Quasi periodic-oscillations (QPOs) reflect the motion of matter at the curved space-
time around compact objects. The high frequency ones have proven to be a good
indicator of the nature of the latter. So if the low-mass X-ray binary includes a
neutron star, pairs of kilohertz (kHz) QPOs appear often simultaneously, with fre-
quencies of several hundred Hz, which can vary for different epochs but their sepa-
ration is consistent with being equal to the spin frequency of the star (in case this
is known from X-ray pulsations) or half of it. Their coherences and amplitudes are
high, up to about 200 and 20% respectively. On the other side, black holes show
only rarely high frequency QPOs – since they never reach 1 kHz the previous term
does not apply to them – and never two at the same time. The frequency ratio of
the higher to lower frequency QPO appear to be constant (about 3:2) and they have
small amplitudes and coherences. See Ref. 7 for a review.
The frequencies of the two (”upper” and ”lower”) kHz QPOs follow a nice re-
lation for all neutron stars from which they have been observed.4 Several models
came came up to explain the physical mechanism that produces them and most
of them are related to at least one orbital frequency in the accretion disc. In the
sonic-point beat-frequency model3 the upper kHz QPO is the frequency of a bright
spot on the surface produced by accreted material orbiting at about that frequency
at the sonic radius, while the lower kHz QPO is produced by illumination at the
spin-resonance radius. In the relativistic precession model5 the upper and lower
kHz QPO are identified as the nodal and periastron precession at the inner edge
of the disc. Relativistic resonance models2 suggest a resonance between two orbital
frequencies in the disc, which would produce kHz QPO frequencies at a fixed ratio,
similar to what is seen in black holes.
Circinus X-1 is a low mass X-ray binary whose nature was long disputed. Despite
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Fig. 1. Left: the frequencies of the upper kHz QPO (top) and of the low-frequency QPO (bottom)
against that of the lower kHz QPO for our results from Circinus X-1 as also for other sources from
Ref. 4. Right: The frequency separation of the kHz QPO pairs for the same sources as before, as
well as the best fit for a straight line (with a slope of 0.6±0.1) and the relativistic precession model
to the Circinus X-1 data. The slight misplacement of the latter in Ref. 1 is corrected here.
Type-I X-ray burst from the area of the object,6 its X-ray, radio and spectroscopic
properties are typical of a black hole. We report here the discovery of kHz QPO
pairs that prove it being a neutron star.
2. Observations
We analyzed ∼2Msec of archived data taken within 1996-2005 with the Rossy X-ray
timing explorer in the 3-60 keV effective energy range. We divided the observations
into segments of 16, 48, 128, or 256 sec, Fourier-transfromed them, added them
together and averaged to get each power spectrum. We subtracted the Poison noise
power by use of the Zhang function,9 for which we calculated the deadtime values
from observations where Circinus X-1 does not seem to contribute. After renormal-
izing the power spectra to rms squared we fitted a multi-Lorentzian model in the
power×frequency representation. By plotting the frequencies of the fitted QPOs
from each observation against each other as in Ref. 8, we find that two groups have
frequencies extending to several hundred Hz. Based on the high frequencies and the
frequency variability we identify those as upper and lower kHz QPOs. We found in
total 80 observations with kHz QPOs. In 11 cases two of them appeared simultane-
ously. All their characteristics can be found in Ref. 1; in general they have relative
low coherences and amplitudes.
In the left panel of Fig. 1 we plot the two frequencies against each other and
see that they follow the same relations that were found for other neutron stars in
Ref. 4. They actually extend this relation to frequencies lower by a factor 4. It
is interesting to see how the frequency separation behaves in this new frequency
range for kHz QPOs. We see in the right panel of Fig. 1 that it increases over a
factor 2 with increasing frequency of the lower kHz QPO. This is different than
what is seen by other sources that have shown kHz QPOs at higher frequencies.
Mathematically speaking, the relativistic precession model and to less extend the
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relativistic resonance model can explain the observed behavior for a neutron star
mass of 2.2±0.3M⊙ or a 1:3 resonance respectively
a. However, the energy needed to
produce these QPOs with those two models would be unphysical an additionally the
absence of the 2:3 resonance is problematic for the second. The sonic-point beat-
frequency model could possibly explain the large change of frequency separation
but would need modification to explain its increase with frequency of the lower kHz
QPO.
3. Concluding remarks
We found 11 kHz QPOs pairs from archived RXTE data of the peculiar LMXB
Circinus X-1. The varying frequencies, inconsistent with a fixed 2:3 ratio, follow the
same relations that observations from neutron stars do. This and the simultaneous
appearance of the kHz QPO pairs confirm that the central object is not a black
hole but a neutron star. The relations are though extended to lower frequencies
and support the peculiarity of the system as also provide challenges for theoretical
models of kHz QPOs.
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